on behalf of the TAIPAI Study Group* Background--Primary aldosteronism is the most common cause of secondary hypertension and is associated with left ventricular hypertrophy. However, whether aldosterone excess is responsible for left ventricular (LV) diastolic dysfunction is unknown.
P rimary aldosteronism (PA) is one of the most common causes of secondary hypertension 1 and affects 5% to 15% of patients with hypertension. 2 Excess aldosterone results in various cardiac structure changes and damage. In animal studies, aldosterone infusion with a high-sodium diet has been shown to cause left ventricular hypertrophy (LVH), interstitial fibrosis, and scarring in both left and right ventricles. 3 Clinical studies have shown that patients with PA have more distinct left ventricular (LV) mass and cardiac fibrosis than patients with essential hypertension (EH). [4] [5] [6] [7] [8] [9] Patients with PA have also been reported to have higher prevalence rates of myocardial infarction, atrial fibrillation, and heart failure compared with EH patients. [9] [10] [11] [12] Worse LV diastolic function as assessed by measuring mitral inflow velocity-derived parameters via Doppler echocardiography has been reported in patients with PA compared with patients with EH. 4 However, these parameters can be influenced by fluid status. 13 In contrast, tissue Doppler imaging (TDI) of the mitral annulus can be used to measure early diastolic peak velocity of the myocardium (e 0 ), which represents early diastolic relaxation. TDI-derived parameters are considered to be less preload dependent than mitral inflow velocity parameters, 14 and they have been used to evaluate diastolic dysfunction in patients with PA in recent studies. 15, 16 Nevertheless, the sample sizes in the studies that have investigated diastolic function in patients with PA have been relatively small. Furthermore, the blood pressure was significantly different between patients with PA and patients with EH in previous studies, which may be a major confounding factor in the analysis of diastolic function. Moreover, for patients with unilateral aldosterone-producing adenoma (APA), although adrenalectomy can improve blood pressure control and reverse LV mass 4, 17 and myocardial fibrosis, 18 it is unknown whether diastolic dysfunction can be reversed after adrenalectomy. 17, [19] [20] [21] Therefore, we conducted this prospective study to investigate diastolic function in patients with APA and changes after adrenalectomy via TDI studies.
Materials and Methods
The anonymized data and materials that support the findings of this study are available from the corresponding author upon reasonable request.
Patients
In this prospective study, we enrolled 129 patients with APA who were scheduled to undergo adrenalectomy from November 2006 to July 2017 at National Taiwan University Hospital. Another 120 patients with EH were enrolled as the control group. The medical history, including demographic data and current medications, of all patients were reviewed and carefully documented. Serum biochemistry data were obtained at the initial patient evaluation. The diagnosis of EH was made by exclusion, including clinical presentation and biochemical surveys of all detectable types of secondary hypertension.
All patients received biochemical examinations and echocardiography at enrollment. For the patients with APA, we recorded biochemical and echocardiography data again 1 year after adrenalectomy. Patients who were completely off all antihypertensive drugs and had normalized blood pressure (systolic blood pressure [SBP] <140 mm Hg and diastolic blood pressure [DBP] <90 mm Hg) after adrenalectomy were defined as being "cured." All patients provided informed consent before inclusion in the study, and the study was approved by the Ethics Committee of National Taiwan University Hospital.
Laboratory Measurements
Plasma aldosterone concentration (PAC) was evaluated using a commercial radioimmune assay kit (Aldosterone Maia Kit; Adaltis Italia, Bologna, Italy). Plasma renin activity (PRA) was evaluated using the generation of angiotensin I in vitro with a commercial radioimmune assay kit (DiaSorin, Stillwater, Minnesota).
Diagnostic Criteria for APA
The diagnosis of APA was confirmed according to the "modified 4-corner criteria" after adrenalectomy, 22, 23 which were (1) evidence of autonomous excess aldosterone production based on an aldosterone-renin ratio (ARR) >35, TAIPAI (Taiwan Primary Aldosteronism Investigation) score >60% 24 ; and seated post-saline loading PAC >16 ng/dL or urine aldosterone >12 lg/24 h 25 ; (2) adenoma evidenced with a computed tomography scan; (3) lateralization of aldosterone secretion by adrenal venous sampling or by dexamethasone suppression NP-59 single-photon emission computed tomography 26 ; (4) histopathological evidence of adenoma after adrenalectomy, and subsequently either a cure pattern of hypertension without antihypertensive agents or improvement in hypertension with biochemical cure.
The probability of PA (TAIPAI score) was equal to: In adrenal venous sampling, a reliable adrenal venous sample was defined as a >3-fold increase in the ratio of cortisol level in the adrenal vein to the inferior vein
Clinical Perspective
What Is New?
• The first study using propensity score matching analysis for diastolic function between patients with primary aldosteronism (PA) and patients with essential hypertension, and with 1-year follow-up after adrenalectomy in patients with PA. • Changes in diastolic function (ΔE/e 0 ) after adrenalectomy in patients with PA was correlated with baseline E/e 0 and changes in left ventricular mass index.
What Are the Clinical Implications?
• The patients with PA had worse diastolic function than the patients with essential hypertension. • Diastolic dysfunction in the patients with PA improved after adrenalectomy.
cava. Lateralization of aldosterone secretion was defined as a >4-fold increase in the ratio of aldosterone/cortisol divergence between bilateral adrenal glands. 26 
Echocardiography
Echocardiography was performed using a Hewlett-Packard Sonos 5500 (Hewlett-Packard, Palo Alto, California) or Philips IE33 system (Royal Dutch Philips Electronics, Bothell, Washington). Measurements were performed according to the American Society of Echocardiography guidelines. 27 LV enddiastolic and end-systolic diameters, wall thickness, and LV ejection fraction were assessed using M-mode in the parasternal long-axis view. The LV mass was estimated by the formula reported by Devereux and Reichek, 28 and normalized by body surface area to provide the LV mass index (LVMI). LVH was defined as an LVMI ≥134 g/m 2 in men and ≥110 g/m 2 in women. 29 Transmitral flow velocity with Doppler was measured using a 3-mm sample volume at the level of the mitral valve tips in an apical 4-chamber view, and the early (E) and late (A) diastolic filling velocities, their ratio (E/A ratio), and early wave deceleration time (DT) were obtained. Mitral annular velocities were acquired by TDI in an apical 4-chamber view. A 3-mm sample volume was placed at the septal margin of the mitral valve annulus, and Doppler samples were determined at the end-expiration phase in normal respiration. At least 3 consecutive cardiac cycles were taken into consideration, and average values were used. Early diastolic peak velocity of the septal mitral annulus (e 0 ) was obtained. The E/e 0 ratio was also calculated, and reflected the LV filling pressure. 27, 30 Adrenalectomy All patients with APA received laparoscopic adrenalectomy using the lateral transperitoneal approach by experienced laparoscopic surgeons.
Histopathologic Study
The surgical specimens were blindly evaluated by a pathologist. The histopathologic diagnosis of adenoma was confirmed by well-defined nodules clearly demarcated by a pseudo-capsule, predominantly composed of foamy clear cells. 31 Adenomas can be differentiated from nodular adrenal hyperplasia because of their well-circumscribed and solitary nature. 32 
Statistical Analysis
Propensity scores were estimated using a nonparsimonious multiple logistic regression model. The following variables of the patients with PA and EH were selected to calculate the propensity score: age, sex, body mass index (BMI), SBP, DBP, duration of hypertension, and number of antihypertensive medications. In our propensity analysis, a 1:1 matching ratio was used, and covariate balance between the matched groups was subsequently examined. All continuous variables were expressed as meanAESD. Non-normally distributed variables were expressed as median and interquartile range, including PAC, PRA, and ARR. Comparisons of continuous data between 2 groups were performed using the Student's t test (for normally distributed variables) or the Wilcoxon rank-sum test (for non-normally distributed variables). Comparisons of continuous data before and after adrenalectomy in the APA group were performed using paired t tests. The equality of 2 proportions was assessed using the Pearson chi-square test. PAC, PRA, and ARR data were log-transformed due to nonnormality as tested by the Kolmogorov-Smirnov test for further regression analysis. Univariate linear regression analysis was performed to test the relationships between diastolic function (E/e 0 ) and clinical parameters. Significant determinants in the univariate linear regression analysis (P<0.05) were then examined using multivariate linear regression analysis with stepwise subset selection to identify the significant factors associated with diastolic function. All statistical analyses were performed using SPSS for Windows, version 22.0 (SPSS Inc, Chicago, Illinois). A P value of <0.05 was considered to indicate statistical significance.
Results
After performing 1:1 matching for age, sex, BMI, SBP, DBP, duration of hypertension, and number of antihypertensive medications between the APA and EH groups, there were 105 patients in each group. The demographic and baseline data of both propensity score-matched and unmatched variables are listed in Table 1 . For the unmatched data, there were no significant differences in age, sex, BMI, duration of hypertension, and baseline creatinine. SBP, DBP, number of antihypertensive drugs, PAC, and ARR were significantly higher in the APA group compared with the EH group, while baseline potassium and PRA were significantly lower in the APA group. The use of a-blockers, b-blockers, and aldosterone antagonists was significantly higher in the APA group. In contrast, the use of angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers (ARBs) and direct renin inhibitor was significantly lower in the APA group. Other clinical parameters were comparable between the 2 groups.
For the matched data, there were no significant difference in age, sex, BMI, duration of hypertension, SBP, DBP, number of antihypertensive medications, and baseline creatinine. These results indicated a high degree of similarity in the distribution of baseline characters between the 2 groups. PAC and ARR were significantly higher in the APA group compared with the EH group. Baseline potassium and PRA were significantly lower in the APA group. The use of aldosterone antagonists was significantly higher in the APA group, while the use of angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, or direct renin inhibitor was significantly lower in the APA group.
In echocardiography ( Table 2 and Figure 1 ), there was no significant difference in left ventricular ejection fraction (LVEF) between the 2 groups. The APA group had a significantly higher baseline LVMI (118AE29 versus 106AE37 g/m 2 ; P=0.014) and E/e 0 ratio (12.5AE4.2 versus 10.8AE4.2; P<0.001) compared with the EH group. In addition, e 0 (6.3AE1.9 versus 7.6AE4.2 cm/s; P<0.001) was significantly lower in the APA group. The data of all patients before propensity score matching showed similar results ( Table 2) .
To determine the factors influencing preadrenalectomy diastolic function, we performed linear regression analysis using the preadrenalectomy E/e 0 ratio of all matched patients as a dependent variable, and the clinical characteristics and aldosterone-related parameters as independent variables. The results of univariate analysis showed that the preadrenalectomy E/e 0 ratio was significantly related to age, sex, BMI, duration of hypertension, SBP, creatinine, log PAC, log PRA, and log ARR. With E/e 0 as the dependent variable, multivariate regression analysis with stepwise subset selection further identified significant associations with age, sex, BMI, SBP, creatinine, and log ARR (Table 3) . In the overall APA group (129 patients), the clinical characteristics and echocardiographic parameters were significantly better 1 year after adrenalectomy compared with the baseline parameters (Table 4 ), including decreases in SBP, DBP, number of antihypertensive medications, PAC, ARR, and LVMI, and increases in creatinine and PRA. Eighty-eight (68.2%) APA patients were cured 1 year after adrenalectomy.
In echocardiography (Figure 2 ), there were no significant differences between baseline and postadrenalectomy LVEF, E/ A ratio, and E-wave deceleration time. In contrast, LVMI significantly decreased (121AE32 versus 110AE25; P<0.001), e 0 significantly increased (6.5AE1.9 versus 7.0AE2.1; P=0.003), and E/e 0 significantly decreased (12.5AE4.2 versus 11.3AE3.7; P=0.002). In factor analysis of changes in E/e 0 (DE/e 0 =postadrenalectomy E/e 0 Àpreadrenalectomy E/e 0 ), univariate regression analysis showed that DE/e 0 was significantly correlated with BMI, duration of hypertension, baseline SBP, DSBP, DDBP, baseline E/e 0 , baseline LVMI, and DLVMI. In multivariate analysis, only baseline E/e 0 and DLVMI were significantly correlated with DE/e 0 ( Table 5) . When comparing the cure and noncure (with residual hypertension) patients in APA patients after adrenalectomy, we found that there were fewer male patients in the cure group. In addition, patients in the cure group had lower BMI and serum creatinine levels compared with those in the noncure group (Table 6 ). In echocardiographic parameters, the baseline e 0 was significantly higher, and E/e 0 was nonsignificantly lower in the cure group. After adrenalectomy, patients in the cure group had higher postoperative LVEF, E/ A, and e 0 , and lower postoperative LVMI compared with those in the noncure group. There was no significant difference in the change of these echocardiographic parameters before and after adrenalectomy between the 2 groups (Table 6 ).
Discussion
There are several major findings in this study. First, even with comparable blood pressure and severity of hypertension in the propensity score-matching analysis, the patients with APA had higher LVMI and diastolic dysfunction compared with the patients with EH. Second, using a large population, we found improvements in LVMI and diastolic dysfunction in the patients with APA after adrenalectomy. Third, age, sex, BMI, baseline SBP, creatinine, and log ARR were associated with baseline diastolic function. Fourth, the improvement in diastolic function after adrenalectomy was associated with baseline E/e 0 and DLVMI.
PA is characterized by the excess production of aldosterone, which results in various adverse cardiac remodeling. Aldosterone has been shown to directly stimulate hypertrophy of neonatal rat ventricular cardiomyocytes by activating protein kinase C, extracellular signal-regulated kinase 1/2, and c-Jun N-terminal kinase. 33 Several animal studies have also shown that chronic increases in aldosterone accompanied by salt intake increased fibrosis in bilateral ventricles 3, 34, 35 and LVH. 3, 35 In addition, clinical studies have reported higher rates of LVH and cardiac fibrosis independently of hemodynamic effects in PA patients compared with patients with EH. [6] [7] [8] Taken together, these results indicate that both aldosterone-induced cardiomyocyte hypertrophy and cardiac fibrosis can result in impaired LV relaxation in PA patients. In the current study, the patients with APA had lower e 0 and higher E/e 0 ratio, which confirmed that they had worse diastolic function compared with the patients with EH. In addition to comparing diastolic function between patients with PA and patients with EH, for patients with unilateral APA, comparing changes in diastolic function before and after adrenalectomy may further clarify the role of excess aldosterone on diastolic function. Adrenalectomy can improve blood pressure and reverse increased LVM 8, 17, 36 and myocardial fibrosis. 18, 37 However, the reversibility of diastolic dysfunction is still under debate. In a study of 24 patients with PA who underwent adrenalectomy, diastolic function as assessed by E/A ratio and DT improved but without statistical significance. 17 In another study of adrenalectomy among 110 PA patients, diastolic function as assessed by prolongation of DT significantly improved; however, there was no significant change in atrial contribution to LV filling. 19 In the current study, diastolic function improved after adrenalectomy in the patients with APA as evidenced by a significant increase in e 0 and significant decrease in E/e 0 ratio, which is consistent with the conclusion that excess aldosterone contributes to diastolic dysfunction. Accurately evaluating diastolic dysfunction by echocardiography is challenging. The effect of aldosterone on diastolic function was first proposed by Rossi et al in 1996 4 via measuring E/A integral ratio and atrial contribution to LV filling; however, both of these factors are influenced by preload. 13 In contrast to their study, our previous study showed no significant difference in early and late integral ratio between patients with PA and patients with EH. 37 This inconsistency indicates that assessing diastolic function via mitral inflow velocity-derived parameters from Doppler echocardiography is insufficient. Newer echocardiographic TDI of the mitral annulus can measure the early diastolic peak velocity of the myocardium (e 0 ), which represents early Figure 2 . The echocardiographic parameters before and after adrenalectomy among all patients with aldosterone-producing adenoma. A, There was no significant interval change of LVEF before and after adrenalectomy. B, LVMI significantly decreased after adrenalectomy. C, There was no significant interval change of E/A ratio. D, There was no significant interval change of DT. E, e 0 significantly increased after adrenalectomy. F, E/e 0 significantly decreased after adrenalectomy. According to the above results, we found improvements in LVMI and diastolic dysfunction in the patients with APA after adrenalectomy. APA indicates aldosterone-producing adenoma; DT, early wave deceleration time; E/A, early and late diastolic velocity ratio; E/e 0 , early diastolic transmitral and myocardial velocity on tissue Doppler imaging ratio; e 0 , early diastolic myocardial velocity on tissue Doppler imaging; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; OP, adrenalectomy. diastolic relaxation, and its derived diastolic parameters are less preload dependent. 14 The E/e 0 ratio eliminates the effect of LV relaxation kinetics and age and provides a more reliable measure of LV diastolic pressure. 38 Ommen et al 30 compared various Doppler and TDI parameters with mean LV diastolic pressure by simultaneous catheterization and found that the E/e 0 ratio was more strongly correlated with LV diastolic pressure than any other parameter. The E/e 0 ratio has also been shown to be a strong predictor of cardiac events 39 and long-term cardiovascular mortality 40 in patients with heart failure. Accordingly, the E/e 0 ratio is a valuable parameter to evaluate diastolic function, which is why we used it as the major indicator of diastolic function in this study. In this study, diastolic dysfunction was reversed after adrenalectomy in the patients with APA, as evidenced by the significant increase in e 0 and significant decrease in E/e 0 ratio but not the E/A ratio or DT. This discrepancy may be due to the effect of preload variation on E-wave velocity and the difficulty in distinguishing the pseudonormalization stage of diastolic dysfunction from normal diastolic function only by E/A or DT. This finding indicates that the tissue Doppler parameter E/e 0 ratio is better able to detect diastolic dysfunction than the traditional E/A ratio.
Some studies have used TDI to investigate diastolic function in patients with PA. In our previous study, 27 patients with APA with significantly higher SBP and DBP than 27 patients with EH had worse diastolic function, as evidenced by a higher E/e 0 compared with the patients with EH. 20 In addition, Cesari et al reported that 51 patients with PA with high blood pressure had a higher E/e 0 ratio and worse diastolic function compared with 61 healthy subjects. 41 However, in both studies, the baseline characteristics including age, antihypertensive medications, and most importantly, blood pressure were not well matched between the 2 study groups, and the sample sizes were also relatively small. The severity of diastolic dysfunction is proportional to blood pressure. 42 In the current study, we used propensity scorematching analysis to mitigate the effect of blood pressure on diastolic function between the patients with PA and patients with EH. The influence on diastolic function caused by discrepancies in the severity of hypertension, including blood pressure, number of antihypertensive drugs, and the duration of hypertension, may have been minimized using this method, thereby showing the true effect of aldosterone on cardiac diastolic function. In addition, the large sample size improves the validity of the results of this study. One recent study by Yang et al 43 showed similar findings. In their study, patients with PA had a higher E/e 0 and lower e 0 than patients with EH. However, the LVMI and status of LVH were comparable between the 2 groups, which is different from previous studies. 4, 5, 20 In addition, our study provides postoperative data that consolidate the improvements in diastolic dysfunction in the patients with APA after adrenalectomy.
Another important finding in this study is that preoperative E/ e 0 and ΔLVMI were associated with the reversal of diastolic dysfunction after adrenalectomy in the patients with APA. We found similar results in our previous studies, in which preoperative LVMI was independently associated with the extent of LVMI regression after adrenalectomy. 44, 45 Moreover, the regression in LVMI was significantly greater in the patients with LVH before surgery, implying that more severe LVH in the patients before surgery was associated with a greater regression in LV mass after surgery. In this study, a higher E/e 0 before surgery was associated with more prominent reversal of diastolic dysfunction after surgery, which may be due to the regression of LVMI. It is also possible that the decrease in LVMI after surgery was correlated with the improvement in diastolic function.
Limitations
There are several limitations to this study. First, although we used propensity score matching to overcome discrepancies in age, sex, BMI, blood pressure, hypertension duration, and number of antihypertensive drugs between the APA and EH groups, other unknown bias may have interfered with LV diastolic function not being balanced between the 2 study groups. Second, we did not enroll patients with bilateral adrenal hyperplasia in this study. Therefore, we could not assess LV diastolic function in patients with bilateral adrenal hyperplasia and the reversibility after mineralocorticoid receptor antagonist treatment. Third, we only performed follow-up echocardiography 1 year after adrenalectomy, so we could not assess the long-term effect of adrenalectomy on LV diastolic function. Fourth, we did not check somatic mutant (especially KCNJ5) data, which may be also associated with LV structure and diastolic function. Fifth, we did not have the follow-up data in patients with EH. Therefore, we do not know the change of diastolic function in patients with EH under medical treatment. Sixth, there were some difference of antihypertensive medication between the APA and EH groups, which might have a potential influence on diastolic function.
Conclusions
The patients with PA had worse LV diastolic function than the patients with EH independently of age, sex, and hemodynamic effects. The impaired LV diastolic function could be reversed by adrenalectomy. ARR indicates aldosterone-renin ratio; DBP, diastolic blood pressure; DT, early wave deceleration time; E/A, early and late diastolic velocity ratio; E/e 0 , early diastolic transmitral and myocardial velocity on tissue Doppler imaging ratio; e 0 , early diastolic myocardial velocity on tissue Doppler imaging; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; OP, adrenalectomy; PAC, plasma aldosterone concentration; PRA, plasma renin activity; SBP, systolic blood pressure. *Expressed as median and interquartile range.
